Introduction {#sec1-1}
============

The central nervous system can regulate itself to adapt to environmental changes or injuries through neural plasticity (Celnika and Cohen, 2004). Far from the injured area neural plasticity forms axon collaterals, whose growth and extension are not affected by the inhibitory environment at the injury site. However, axon regeneration and extension in adult human and animal central nervous systems is limited. Thus, the facilitation of neural plasticity has become the key to treating central nervous system injury.

Neural plasticity can be enhanced through functional training to promote functional recovery after central nervous system injury. Previous studies have shown that cerebral cortex size, the number of dendritic branches, and neurogenesis in the hippocampus are improved in rodents kept in environments that enhance motor activity or improve sensory and cognitive abilities (Girgis et al., 2007; Maier et al., 2008). These enhanced environments can promote the recovery of motor function after spinal cord injury and stroke (Z'Graggen et al., 1998; Shibolet et al., 2004). Sensory stimulation and targeted exercises effectively restore motor function after brain injury (Whishaw et al., 1993). Nevertheless, these interventions are more biased towards particular body movements or autonomous mechanical movements. The effect of fine motor skills on functional recovery after spinal cord injury is still controversial. Metz and Whishaw (2000) stated that functional recovery after central nervous system injury needs special post-traumatic functional training, such as grasping movements. Even slight recovery in hand function can noticeably improve patient\'s quality of life after spinal cord injury (Metz and Whishaw, 2000; Bolton et al., 2006).

Therefore, functional training has an important influence on the regulation of axonal growth, through the extension and guidance of axons after spinal cord injury. We investigated whether fine motor skill training can enhance neural plasticity and promote the recovery of neurological function after spinal cord injury in rats.

Materials and Methods {#sec1-2}
=====================

Experimental animals {#sec2-1}
--------------------

One hundred and twenty-eight female Sprague-Dawley rats weighing 220--250 g were obtained from the Experimental Animal Center of Jilin University of China \[license No. SCXK (Ji) 2008-0005\]. Of them, 56 underwent neurological assessment and axon counting, and 72 were used for western blot assays. The rats were housed in individual cages under a 12-hour light/dark cycle in a dry and ventilated room at 23--25°C, with free access to food and water. All surgery was performed under anesthesia, and all efforts were made to minimize pain and distress in the animals. All procedures were carried out in accordance with the United States National Institutes of Health Guide for the Care and Use of Laboratory Animal (NIH Publication No. 85-23, revised 1986). The study was approved by the Animal Ethics Committee of Jilin University of China.

Preparation of rat models of unilateral corticospinal tract injury {#sec2-2}
------------------------------------------------------------------

Fifty-six rats were randomly assigned to seven groups (eight per group). The unilateral corticospinal tract injury model was established as follows: The rats were intraperitoneally anesthetized with 10% chloral hydrate, and fixed on the table in the supine position. The skin of anterior portion of the neck was incised, and muscles were dissociated. The trachea and esophagus were moved to the right to expose the occipital bone. The occipital bone at the basilar part was removed by grinding with a mill, and the vertebral body was exposed. A custom-made crochet was inserted into the vertebral body with a depth of 0.1 cm and the left pyramidal tract was resected. After thorough hemostasis, the incision was sutured. The rats were placed on an electric blanket until regaining consciousness.

In the sham group, the occipital bone at the basilar part was removed and the centrum exposed, but the pyramidal tract was not injured.

In the untrained group, the unilateral corticospinal tract was injured for 1 week, without any training. In the 1-, 2-, 3-, 4-, and 6-week unilateral corticospinal tract injury groups, fine motor skill training was conducted before and after unilateral corticospinal tract injury.

Fine motor skill functional training and functional behavioral assessment {#sec2-3}
-------------------------------------------------------------------------

Horizontal ladder crawling and food ball grasping were performed and functioning was evaluated prior to sample collection at each time point. Each rat was scored three times in each test, and the average value was recorded.

### (1) Food ball grasping {#sec3-1}

A transparent resin training box (45 cm high, 12.5 cm wide and 38.5 cm long) was as described in a previous study (Whishaw et al., 1993). The bottom of the box was constructed of hollow mesh and raised 3 cm from the ground to ensure the rats could not pick up falling food. A narrow gap (1 cm wide and 10 cm high) on the side wall of the box enabled the rats to grasp the food balls with their forelimbs. The food balls outside the side wall were placed 3 cm from the bottom of the box. The distance between the ball and the inner wall of the box was 2 cm to prevent the rat from passing the ball into the interior of the box with its tongue. If the rats could retrieve and eat the food balls, the experiment was recorded as successful. If the rats were unable to retrieve the food balls or the food balls through the bottom of the cage, the experiment was recorded as failure.

Training methods: The rats received food ball grasping training, 6 days per week, 2 weeks before injury, until reaching a success rate of at least 65%. The food ball grasping assessment commenced 3 days after injury, for 6 days per week. According to the group assignment, functions were scored the day before sample collection. In the untrained group, functioning was scored 6 weeks after injury and before sample collection.

Scoring criteria: In accordance with a previous study (Metz and Whishaw, 2000), the process of grasping food balls was divided into seven actions. (1) Extending the forelimbs: Forelimb and elbow were extended towards food balls. (2) Separating forepaws: The forepaw was separated and placed over the surface of the ball. (3) Forepaw palm down: Elbow stretched out. The forepaw was placed on the surface of the ball and scratched it. (4) Grasping: The rat forepaw completely grasped the ball. (5) Intorsion I: Elbow intorsion and forepaw retraction, during which the forepaw intorsion was 90°. (6) Intorsion II: The forepaw retracted and moved to the rat\'s mouth. (7) Releasing action: The rat sat and used both forepaws to put food into their mouth. Each action was recorded in accordance with three grades: If the action occurred, the score 1 recorded; if not, 0. If the action occurred, but the performance was abnormal, the score was recorded as 0.5. If an action did not occur, this did not necessarily mean that the grasping process stopped, as there may be other compensatory actions allowing completion of the process. The average value of three grasps was recorded for each rat.

### (2) Horizontal ladder crawling {#sec3-2}

A horizontal ladder (1 m long) was made in accordance with a previous study (Bolton et al., 2006). An iron bar was placed along horizontal direction. To avoid the rats becoming familiar with the iron rod spacing, the iron rods were placed freely in the range of 1.5--3.0 cm. The horizontal ladder was 30 cm from the ground.

Training methods: The rats received horizontal ladder crawling training at 2 weeks before injury, three times every other day. The training assessment commenced 3 days after injury, three times every other day. According to the group assignment, the success rate was recorded the day before sample collection (**[Figure 1](#F1){ref-type="fig"}**). The success rate was equal to normal gait/all gait × 100%. In the untrained group, the success rate was recorded 6 weeks after injury and the day before sample collection.

![Behavioral changes in rats during horizontal ladder crawling.\
(A) Correct gait; (B) forelimb support; (C) grasping with only one or several toes; (D) loss of support, slipping. All four toes of the forepaw of the rat grasping the surface of the iron bar was considered correct gait. The following phenomena after injury were considered erroneous gait: (1) One or more fingers not gripping the iron bar. (2) Rats not using forepaws or fingers to grasp iron bars directly, with wrists or forelimbs providing body support. (3) The rat not grasping the iron bar with its forepaw, with the forelimbs slipping from the two adjacent iron bars, and the body not supported by the limbs.](NRR-11-1990-g002){#F1}

Biotinylated dextran amine (BDA) anterograde tracing {#sec2-4}
----------------------------------------------------

All rats were injected with BDA 1 week before injury. In accordance with a previous study (Hendriks et al., 2006), the rats were fixed on a stereotaxic apparatus after anesthesia as mentioned above (**[Figure 2](#F2){ref-type="fig"}**). After shaving and sterilizing, the midline scalp was incised, and the skull was exposed. The center of the anterior fontanel was considered the marker. A sagittal midline incision was made along the sagittal suture. Eight holes approximately 0.5 mm diameter were drilled with a mill on each side (coordinates: 1.0 mm anterior to the center of anterior fontanel, 1.0 mm posterior to the center of anterior fontanel and midline of anterior fontanel, 2.0 mm posterior to the center of anterior fontanel, and 1.5 mm left and 2.5 mm right to the midline). A microsyringe was fixed on the stereotactic injection support, with the injection points above the holes. BDA-10000 10% (Vector Laboratories, San Francisco, CA, USA) was slowly injected in each hole, 0.2 μL at a time. BDA was injected separately at 1.0 and 2.0 mm depths from the cerebral cortex at each injection point. That is, the needle was maintained in place for 1 minute after injection at 2.0 mm depth, and then withdrawn slowly. The needle was then maintained in place for 5 minutes after injection at 1.0 mm depth. There were 32 injection points in each rat. The total dose of BDA was 6.4 μL.

![A rat fixed on the stereotaxic apparatus for biotinylated dextran amine anterograde tracing.\
(A) Lateral view; (B) posterior view.](NRR-11-1990-g003){#F2}

Morphology of axons {#sec2-5}
-------------------

Tissue preparation: After training, the rats were anesthetized using the method described above. The heart was perfused with 4°C physiological saline and 0.1 M phosphate buffered saline (PBS) (pH 7.4) containing 4% paraformaldehyde. The spinal cords (C~6~--T~1~) from the brain stem to the enlarged cervical segment were fixed in 0.1 M PBS (pH 7.4) containing 4% paraformaldehyde at 4°C overnight, and placed in 0.1 M PBS containing 30% sucrose for 5 days until the tissues sank.

Visualization with 3,3′-diaminobenzidine (DAB): The spinal cords (C~6~--T~1~) were embedded with frozen embedding media, and axially sliced into 40 μm-thick frozen sections with a freezing microtome. Sections were washed for 3 minutes three times with Tris-buffered saline with Tween (TBST) supplemented with 50 mM Tris, 0.9% NaCl, 0.5% Triton X-100, pH 8.0. These sections were then incubated with avidin-biotin-peroxidase complex (Vectastain ABC Elite kit; Vector Laboratories; 1:100 in TBST) at 4°C overnight, then washed for 3 minutes three times with TBST, followed by a wash with 50 mM Tris-HCl (pH 8.0). Subsequently, sections were incubated with 0.4% ammonium nickel sulfate (Sigma, St Louis, MO, USA), and with a mixture of ammonium nickel sulfate and 0.015% DAB (Sigma). The sections were treated with a mixture of 0.4% ammonium nickel sulfate, 0.015% DAB and 0.004% H2O2 50 mM Tris (pH 8.0) for 5--10 minutes. The reaction was terminated with 50 mM Tris-HCl. When dry the sections were mounted.

Quantitation of corticospinal tract axons in the midline of the spinal cord {#sec2-6}
---------------------------------------------------------------------------

Axonal sprouting and elongation in 40 frozen serial spinal cords sections (C~6~--T~1~) were observed with an optical microscope (Olympus, Tokyo, Japan). This segment of spinal cord was chosen because the motor neurons in C~6~--T~1~ dominate the fine motor movement of the forelimbs (Maegele et al., 2005). The axons elongated from collateral sprouting presented with very irregular extension in the gray matter. To avoid repeat counting, axons traversing I, II, or III on each slice were used for quantitation (**[Figure 3](#F3){ref-type="fig"}**). Serial sections of the pyramidal tract of the brain stem of each rat were made to allow for the correction of anomalies caused by individual differences in sensorimotor cortex BDA uptake. Axons of three rectangular areas on each slice of the four serial sections were quantified, and the average value was calculated. The relative number of corticospinal tract axons traversing the midline of the spinal cord was the number of axons traversing I, II, and III of each rat/the average number of axons in the corresponding vertebral body (**[Figure 3](#F3){ref-type="fig"}**).

![Quantitation of axons in the corticospinal tract traversing the midline of the spinal cord.\
(A) Diagram of axon quantitation corticospinal tract traversing the midline of the spinal cord; (B) spinal cord. Four vertical lines (I, II, III, and IV) and one horizontal line (H) were drawn on the frozen sections. The vertical line (I) runs through the central canal of the spinal cord. The vertical line IV is parallel to I and is close to the outer edge of the gray matter. Vertical lines II and III are located at the inner 1/3 and outer 1/3 of the area between I and IV, respectively. The horizontal line H and vertical line I intersect with the central tube.](NRR-11-1990-g004){#F3}

Western blot assay of GAP-43 expression in the rat spinal cord {#sec2-7}
--------------------------------------------------------------

The remaining 72 rats were randomly assigned to three groups. The control group rats (*n* = 24) received no intervention. In the trained group (*n* = 24), rats underwent unilateral corticospinal tract injury and functional training. In the untrained group (*n* = 24), rats only received unilateral corticospinal tract injury and no training. Each group was subdivided into 1-, 2-, 3-, and 4-week post-injury groups (*n* = 6). The model establishment and training methods were identical to those described above. At the appropriate time points, rats were intraperitoneally anesthetized with 10% chloral hydrate (30 mg/kg). An incision was made through the posterior approach to the cervical spine. After removal of the C~1~--T~2~ vertebral plate, the spinal cord was exposed and the bilateral nerve root resected. C~4~--T~1~ spinal cord on the healthy side was obtained, washed with frozen physiological saline, and stored in liquid nitrogen for western blot assay. After sodium dodecyl sulfate polyacrylamide gel electrophoresis, proteins were transferred onto membranes. The membranes were blocked with phosphate buffered saline with Tween (PBST) containing 5% defatted milk powder for 90 minutes, washed three times with PBST, incubated with growth associated protein 43 (GAP-43) and β-actin antibodies at room temperature for 30 minutes, and then placed on a shaking table at 4°C overnight. The membranes were then incubated with IgG antibody (1:1,000) on a shaking table at room temperature for 90 minutes, washed three times with PBST, visualized with 3,3′-diaminobenzidine, and exposed to X-ray film. Results were expressed as the optical density ratio of the target protein to β-actin.

Statistical analysis {#sec2-8}
--------------------

Measurement data, expressed as means ± SD, were analyzed using SPSS 13.0 software (SPSS, Chicago, IL, USA). The differences between groups were compared using one-way analysis of variance and Fisher\'s least significant difference *post hoc* test. A value of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Identification of rat models of unilateral corticospinal tract injury {#sec2-9}
---------------------------------------------------------------------

BDA anterograde tracing results revealed that model achieved the requirement of unilateral corticospinal tract injury (**[Figure 4](#F4){ref-type="fig"}**).

![Biotinylated dextran amine anterograde tracing of rat unilateral corticospinal tract (3,3′-diaminobenzidine staining, light microscope, ×100).\
(A) Injury site: left pyramidal tract defect; corticospinal tract is observed in the right pyramidal tract. (B) Region distal to the injury site: bilateral pyramidal tract is intact, but the corticospinal tract is not visible in the left pyramidal tract.](NRR-11-1990-g005){#F4}

Effects of fine motor skill training on motor function {#sec2-10}
------------------------------------------------------

Horizontal ladder crawling and food ball grasping results demonstrated that functional scores were significantly different in each corticospinal tract injury group compared with the sham group (*P* \< 0.01). In the 1-, 2-, 3-, 4-, and 6-week unilateral corticospinal tract injury groups, motor function gradually recovered within 3 weeks of the injury, then plateaued. Motor functions in the untrained and 1- and 2-week unilateral corticospinal tract injury groups were significantly different compared with the 3-week unilateral corticospinal tract injury group (*P* \< 0.01). Motor function was not significantly different in the 3-, 4-, and 6-week unilateral corticospinal tract injury groups (**[Figure 5](#F5){ref-type="fig"}**).

![Effects of fine motor skill training on motor function in a rat model of unilateral corticospinal tract injury.\
\*\**P* \< 0.01, *vs*. sham group; \#\#*P* \< 0.01, *vs*. 3-, 4-, and 6-week unilateral corticospinal tract injury (UCTI) groups (mean ± SD, *n* = 8; one-way analysis of variance and Fisher\'s protected least significant difference *post hoc* test).](NRR-11-1990-g006){#F5}

Effects of fine motor skill training on spinal cord axon numbers {#sec2-11}
----------------------------------------------------------------

After absorption by neuronal cells in the rat cerebral cortex, BDA was used as an anterograde tracer along the corticospinal projection pathway. Approximately 95% of corticospinal tracts enter the deep part of posterior funiculus of the contralateral spinal cord through pyramid decussation to dominate fine movement of the lateral limb, especially the forelimb. Our results revealed that BDA was found within the rat cerebral cortex, and was well absorbed. This elucidates the corticospinal projection pathway and the sprouting and elongation of axon collaterals. Due to the small size of the spinal cord, thick sections, and irregular axon growth, collateral sprouting was difficult to observe clearly under the microscope. Thus, images of each part of each section were seamlessly stitched with Photoshop CS5 software (Adobe Systems, San Jose, CA, USA) to display the complete process of axonal growth. This was drawn on the picture of the spinal cord that was manually drawn with a pencil to illustrate the growth of the axons on the injured side during different time periods. We found that the number of axons gradually increased and extended long distances within 3 weeks of the injury. Three weeks postoperatively, the number and length of axons tended to be stable. Motor functions in the sham, untrained, and 1- and 2-week unilateral corticospinal tract injury groups were significantly different as compared with the 3-week unilateral corticospinal tract injury group (*P* \< 0.01). There were no significant differences in motor function between the 3-, 4-, and 6-week unilateral corticospinal tract injury groups (**[Figure 6](#F6){ref-type="fig"}**).

![Effects of fine motor skill training on the number of axons in a rat model of UCTI.\
(A) Biotinylated dextran amine anterograde tracing (3,3′-diaminobenzidine staining, ×100): The number of axons passing through line I gradually increased in each group 3 weeks after injury. Axons in the 1-week UCTI group had passed through line II. The number of axons through line II in the 3-week UCTI group noticeably increased. The numbers of axons were similar between the 4- and 6-week UCTI groups and the 3-week UCTI group. Fewer axons, and shorter extended distances were observed in the sham and untrained groups. A picture of the spinal cord manually drawn with a pencil clearly revealed that in the 3-, 4-, and 6-week UCTI groups, there were more axons, and a larger number of axons grew and elongated to the anterior horn of the spinal cord, than in other groups. (B) Quantitation of axons in the spinal cord of the rat model of UCTI. \*\*P \< 0.01, *vs*. 3-, 4-, and 6-week UCTI groups (mean ± SD, *n* = 8; one-way analysis of variance and Fisher\'s protected least significant difference *post hoc* test). UCTI: Unilateral corticospinal tract injury.](NRR-11-1990-g007){#F6}

Effects of fine motor skill training on GAP-43 expression {#sec2-12}
---------------------------------------------------------

Western blot assay results revealed that GAP-43 was expressed in the rat cervical cord of the control group, but its expression was low. GAP-43 expression could be detected in injured cervical cords at 1 week. There were significant differences in GAP-43 expression between the injury group and the normal group (*P* \< 0.05). GAP-43 expression reached a peak at 2 weeks, gradually reduced at 3 weeks, and was close to control level at 1 week. No significant difference in GAP-43 expression was seen between the injury and normal control groups at 4 weeks (*P* \> 0.05). In the trained group, GAP-43 expression appeared at 1 week, peaked at 2 weeks, and gradually decreased at 4 weeks to close to that of the control group (*P* \> 0.05). GAP-43 expression was significantly higher at 1, 2, and 3 weeks after injury in the trained group compared with the injury group (*P* \< 0.05). Moreover, significant differences in GAP-43 expression were identified between the trained group at 2 and 3 weeks and the injury group (*P* \< 0.01; **[Figure 7](#F7){ref-type="fig"}, [Table 1](#T1){ref-type="table"}**; data not shown for the normal control group).

![Effects of fine motor skill training on GAP-43 expression in a rat model of unilateral corticospinal tract injury.\
Lane 1: Normal control group; Lanes 2--5: 1, 2, 3, and 4 weeks after unilateral corticospinal tract injury, respectively. GAP-43: Growth associated protein-43.](NRR-11-1990-g008){#F7}

###### 

Growth associated protein-43 expression in the spinal cord of rats with corticospinal tract injury at various time points

![](NRR-11-1990-g009)

Discussion {#sec1-4}
==========

The corticospinal tract originates in the sensorimotor cortex and is the main motor tract within the spinal cord of mammals (Jang et al., 2015). Its fibers innervate spinal anterior horn cells directly, or indirectly through intermediate neurons, to control the movement of skeletal muscle. The rat corticospinal tract resides in the deepest layer of the dorsal funiculus of the spinal cord. The fiber bundle is small and deep and the currently used method of spinal cord hemitransection makes it difficult to ensure complete transection of the corticospinal tract (Hendriks et al., 2006). Moreover, the establishment of spinal cord hemitransection models needs to remove the lamina and to expose the spinal cord. The technique has many disadvantages, including a complicated local structure, difficulty of operation, large degree of traumatic injury, difficult care after injury, low success rate, and other influencing factors. Studies of the mechanism of spinal cord regeneration are limited. Through anatomical observation of the rat corticospinal pathway, according to morphological characteristics and anatomical localization of corticospinal tract, one side of the pyramidal tract is selectively dissociated. A model of small-range selective corticospinal tract injury is needed to provide a simple, reliable, and practical animal model for studying the regeneration and reconstruction of the central nervous system.

Results have confirmed that functional recovery requires special post-traumatic functional training after central nervous system injury. In particular, the recovery of fetching functioning after spinal cord injury requires grasping training. We found that the three weeks after injury is the key time window for facilitating changes in neurological functional plasticity. This time window provides the experimental basis for subsequent studies of the sprouting and elongation of corticospinal tract axons and the precise mechanisms of neural plasticity.

BDA anterograde tracing demonstrated that with three weeks of injury was the key time period for axonal growth and synapse formation. One week after injury, some axons passed through line II, but there were fewer formed synapses. Therefore, the newly formed axons did not bind well to the dendrites of neuronal cells in spinal gray matter to form synapses. The neural circuits were not fully formed and so the functional recovery was not remarkable. Two to three weeks after injury, axons not only passed through the line II, but many synapses were also formed with an increase in functioning also. Three weeks later, the numbers of axons and synapses stopped increasing and functional recovery plateaued. At this time point, forelimb and forepaw functioning was still noticeably different to that of rats in the sham group.

Our results demonstrate that changes in GAP-43 expression are consistent with BDA anterograde tracing. This suggests that functional training can effectively promote axonal sprouting and extension after corticospinal tract injury, and the formation of new neural circuits. Therefore, it may be one of the effective ways to promote neural plasticity.

The injection of BDA in the cerebral cortex caused substantial cortical injury due to the thickness of the needle, and this affected BDA absorption. Therefore, finer needles or alternative injection methods are needed in future studies.

In summary, the combination of behavioral changes and morphological changes in axonal growth directly revealed the effects of functional training, especially fine motor skill training, on neural plasticity changes in rats with spinal cord injury.
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